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SUMMARY
The study of buoyancy effects in enclosed jet 
systems is a much neglected field of combustion aerodynamics 
research. Although theoretical analyses exist,little 
experimental data has been collected and this experimental 
investigation sets out to study the influence of various in­
put momentum parameters on the deflection experienced by an 
enclosed buoyant jet.
Due to the difficulty of modelling the jet under 
buoyant forces of sufficient magnitude,a technique has been 
used which was originally developed for free jet buoyancy 
studies. A slurry of finely ground Magnetite was used as a 
primary jet source whilst water was the fluid used for the 
general stream. Density ratios (Primary to secondary) of up 
to 2.7 have been used in the study whilst the velocity ratio 
was varied between 5 and 50, giving a range of Curtet numbers 
between 0,3 ana 1.^ 1. The resulting turbulent jet was photo­
graphed with a high speed 16mm. cine camera. From the film, 
measurements of jet enclosed angle, length of potential core, 
axial' velocity and jet deflection were made.
At the lower densities the jet angle was found to 
be constant for each density ratio, thus supporting the 
common assumption of constant entrainment rate, in jet. 
systems where the variation in density of the jet fluid
is small. However as the density ratio increased then it 
was found that the constant entrainment assumption was 
conditional on higher velocity ratios. Generally the assump 
tion only held for Curtet Numbers less than 0.35*
The axial velocity was found to decay significantly 
faster in the enclosed buoyant jet than predicted by the 
free jet theory. That this decay was a result of mixing 
and not input momentum was shown in the fact that varying 
the velocity ratio had a much greater effect than varying 
the density ratio.
Greater mixing levels exist in the enclosed jet 
as compared to the free jet, a fact further borne out by 
the similarity of the potential core velocity ratio relation 
ship to that found in jets in cross streams where increased 
mixing is also experienced, although possibly not for the 
same reasons.
An expression has been derived which can be used 
to predict, with some caution, the path of a jet issuing 
horizontally into an enclosed space with an initial density 
difference, up to the point where buoyancy control ceases, 
and the jet is no longer deflected. This point was found by 
experiment to be at s = 2 .3/k . where k is an empirical constant 
from the expression for the axial velocity ratio.
An attempt was made to model a flame envelope 
near the mixing tube wall and using the assumption that 
the envelope was enclosed by the half jet angle it was 
found that for velocity ratios less than approximately 
10, this half jet contour would strike the mixing tube 
wall whilst the jet was still under the influence of 
the buoyancy forces.
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SYMBOLS
Plow area of secondary stream.
Half-j et radius.
Nozzle diameter.
Equivalent nozzle diameter.
Scaling factor used in data analysis.
Acceleration due to gravity .j 
Radial distribution constant, or 
heat transfer coefficient. '
A constant of proportionality in axial concentration
profile.
A constant of proportionality in axial velocity
profile.
Mass flow through any cross section of flow. 
Craya-Curtet parameter.
Pressure.
Heat flux.
Radial distance.
Distance along jet axis measured from the end of 
the potential core region.
Point velocity.in longitudinal direction.
Fluctuating component of longitudinal velocity.
Mean longitudinal velocity.
Tranvsverse point velocity.
Fluctuating component of transverse velocity.
Axial distance.
Transverse distance.
5c Mass concentration.
cp Specific heat at constant pressure.
ct Curtet number.
D Kiln or mixing tube diameter.
Dh Heat transport coefficient.
Du Momentum transport coefficient.
F Camera frame speed.
Fr Froude number.
Fr1 Densimetric Froude number.-
M Momentum flux,
p0 Static pressure.
Prxt Turbulent Prandtl number.
R Jet radius.
Re Reynolds number.
T Absolute temperature.
U Mean longitudinal excess velocity.
a Angle of projection, or Shape factor.|
3 Half jet angle.
Eddy viscosity.
Eddy heat conductivity. 
k Experimental constant in axial velocity profile.
& Mixing length.
A Constant relating spread of transverse velocity
and concentration profiles.
0 Thring-Newby parameter for unconfined flows.
0 r Thring-Newby parameter for confined compound flows.
6y Dynamic viscosity,
v Kinematic viscosity,
p Density.
t Shear stress.
$ Angle of inclination to mixing tube axis.
¥ Distribution function.
Subscripts
e Potential core region,
i Entrainment influx,
m Axial value.
n Refers to point at which recirculation commences,
o ' Nozzle conditions.
p Point at which jet impinges on mixing tube wall,
r Refers to entrained or recirculating flow,
s Refers to secondary flow,
x Refers to value at x.
SECTION 1
INTRODUCTION
Turbulent diffusion flames are encountered in 
many industrial furnaces. Due to their elevated temperature 
over that of the combustion air, they can be deflected 
by gravitational forces, resulting in various undesirable 
effects such as increased brick wear, localised overheating 
of the furnace, wall and' poor heat distribution giving 
rise to overheating and/or underheating of the product.
Overburning and high ash content in the. charge are of 
significance in rotary kilns such as those used in the 
cement industry. The rotary kiln differs from many more 
normal types of furnaces in its high confinement ratio.
Although much work has been done on the turbulent 
diffusion flame and associated topics, little has been 
done to clarify the problem of flame jets projected 
horizontally into surroundings of different density 
being, deflected by buoyancy forces.
The aim of this project is to predict theoretically 
and verify experimentally the effects of the buoyancy 
on the turbulent diffusion flame, as found in the rotary 
cement kiln.
8Due to the difficulty of obtaining results from 
a full scale furnace of the type described, it is necessary 
to revert to scale models involving the use of appropriate 
scaling laws.
.When fluid flow effects are of an order of 
magnitude greater than those due to chemical reaction then 
.isothermal models may be utilised, thus eliminating any 
problems which might be encountered in high temperature 
operation.
Thus it is possible to reduce the problem to that 
of a confined jet flow in which buoyancy effects cannot 
b-e neglected, an assumption common in convential 
approaches to the flow analysis of combustion systems.
The present work forms part of a larger overall 
study of the combustion characteristics of the rotary 
cement kiln, aimed at improving the efficiency of the 
cement making process.
SECTION 2
LITERATURE SURVEY
2:1 BUOYANCY
Apart from vertical diffusion flames, exemplified 
by refinery flare stacks, the effect of buoyancy in the 
study of flames in industrial combustion systems has 
received scant attention in the literature. In fact in 
the past it has been common to either ignore buoyancy 
effects completely, or, assume them to be negligible.
An early attempt to introduce buoyancy effects 
into modelwork was made by Groume Grijmailo (27). He 
used a furnace model in whic1^ water represented the 
surrounding air and a kerosine/dye mixture, the fuel' jet. 
This work is now only of historical interest because:-
i) All velocities were in the laminar flow 
regime and thus the effects of turbulence 
were * ignored.
ii) The mathematical analysis neglected the 
radial component of velocity in the axial 
direction. Thus the effects, of mixing and 
entrainment were excluded.
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iii) Dae to the immisicibility of the
Kerosene/water mixture free mixing was 
not possible, thus excluding this effect 
from the experimental work also0
iv) A further defect in this early work was
the failure to achieve dynamic similarity.
He derived an expression for the height which an infin­
itely thin jet of hot gas. will descend when projected 
downwards at an angle a to the horizontal. This was 
achieved by equating the loss of kinetic energy with the 
gain in potential energy due to the descent of the less 
dense gas. H the maximum depth was given as:
H = UQ2sina Ts
T - T o s
(1)2g
Davis (18) argued that the path of a jet must 
depend upon the decreasing axial velocity due to 
entrainment, as well as buoyancy0 However, he 
considered the case in which the change in density was 
small, effectively assuming constant jet density, an assumption 
now common in analysis of plumes (l,4, & 5) • Davis’s (18) 
exx>ression for the path of a jet was based on the work of 
Tollmein (55) and involved the integration of a modified 
velocity profile taking into account volume changes due to 
combustion heat.
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The deflection of a jet entering a stagnant 
atmosphere and "being acted upon by a buoyant force 
was given by:I
y = A A ( p  -  pn ) o  + v '
'O
+ vtana
where A is defined as
x (x + 4d„ cos a)v  o _______
17adrt IJ cos 2a o o
T
T
and v.is a uniform upward drift velocity, 
a is the angle at which the jet is projected, 
T is the primary air temperature,, 
a is ; a function of the shape of the-jet';
(2)
(3)
One of the earliest inverted models used to 
simulate buoyancy was reported by Rosin (49)* The 
investigation used salt briquettes and water to represent 
solid fuel in domestic grates. The use of salt to 
study the flow patterns limited the specific gravity 
attainable to less than 1.4, too low to represent 
the true density difference.
Moulding ( 4l) also used a saline solution whilst 
modelling a jet at 200°C entering a furnace at 50°C.
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Here, a modified Froude Number was used as a 
similarity criterion andjalthough a limited range of 
velocities was investigated,Moulding found that he 
could remove the effects of bouyancy in his model by 
simply doubling the velocity. ■ His modified Froude Number
horizontal ducts,Bohm (9) found that buoyancy at low 
velocities caused considerable variations in the measured 
radial temperature profiles.
intended as a first approximation,to indicate the 
magnitude of the error introduced by ignoring the often 
important effects of buoyancy. The deflection of the 
heated jet was given as
was
Frmod
(Ps - P0 ) Ls
Where L is a characteristic dimension.
Whilst measuring heat transfer coefficients in
Gray and Robertson (26) derived an expression
y = 0.00383. g. x! (5)
The technique used in the present study was 
originally reported by Horn (32) and later by. Horn and
Thring (33) and Bosanquet et al (10). Horn’s method was 
based on an inverted buoyancy effect which involved the use 
of a finely divided, high density slurry to simulate a flame 
jet. This jet of Magnetite slurry was introduced into a water 
filled ’perspex’ box which represented the stagnant 
atmosphere of a furnace. Using this method, Horn was able to 
produce jets which were up to twice as dense as the 
surroundings.
His expression for the path of a jet, based on 
-the free jet assumptions (see Section 2:4), is somewhat 
long and can be shortened to include only higher order 
terms in x. The deflection of the jet from the horizontal 
axis of projection was then given as:
= 0.043g (T - T )• d . [V! 2 X
u 2 To s Ts do  ^ /
Horn and Thring (33) showed that the angle of spread of 
their jet was a constant 17° over a wide variation of 
density ratio. The results of this work were also studied 
by Bosanquet, Horn and Thring (10). They made the assumption 
that the horizontal component of momentum of the jet was 
constant at all cross-sections of the jet and equal to 
that at the nozzle. They verified experimentally the 
concept of similarity of velocity profiles across the buoyancy 
controlled jet, and their assumption that the density profile 
across the jet can be treated as a radial distribution
function was verified by Anwar (5)* The assumption that the 
distribution of axial velocity across the round jet can 
be represented by a Gaussian error function is supported 
by observation. Such representations are characteristically 
faulty , near the outer edges of the jet but are none the less 
extremely useful in the analysis of jet flows.
Field et al (23) have analysed, with reasonable 
success, the turbulent jet under gravitational influence. 
Their technique was to consider the region of the down­
stream jet where the density becomes nearly constant.
Despite this assumption their expression can be applied 
with reasonable success to that portion of an enclosed 
jet which can be considered to act as a free jet (see 
Section 2:6).
Field gives the path of the jet as:
y = x tan a + B x 3 sec2a (7)
3
where
B = 0.l4g 1
f
P - pKs Ko
p *
ps
CMot=>o Cos a . p0 . . V
and a is the angle of projection.
'Other authors (l,*l,53l6, & 22) have analysed 
horizontally projected turbulent jets acted upon by 
buoyant forces, from the point of view of ocean outfalls
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or plumes. The problem with these studies, as with 
many of the others, is that the confinement ratios are 
large and so do not apply immediately to small enclosures.
However, a useful dimensionless parameter to come 
from this work (1,4, & 22) is the Densimetric Froude 
Number
given by
Abraham (1), in a study of horizontal jets 
issuing into surroundings of different density, assumed 
that local variations in jet density remain small as 
compared to some reference density. Whilst valid in 
application to ocean outfalls and plumes this is not valid 
where large buoyancy forces and confining walls are involved. 
A further complication, contributing to the greater mixing 
experienced by some enclosed jets, is that of separation or 
recirculation. The eddies set up by a recirculating jet 
flow could, either oppose or accentuate any gravitationally 
induced deflection and it is possible that a jet could 
experience both simultaneously.
The analysis performed by Anwar (5)a based on a 
variable entrainment coefficient (see Section 2:5) 3 as 
opposed to a constant coefficient, produced rather similar
results to those of Abraham (1). As already discussed 
Anwar (5) demonstrated the Gaussian radial temperature 
profile, also showing the'se profiles to be similar in 
most sections of the jet (see Section 2:4).
The much increasing use of the computer in the 
field of fluid dynamics has resulted in many authors 
(1,4,5*22,35*47) using the increasingly popular technique 
of numerical integration to solve the system of equations 
chosen to represent jet flow.
2.2 MODELLING
The use of models in scientific research is now well 
known. Wind tunnels and shock tubes are extensively used 
in the aerodynamic fields of flight and hypersonic flow. 
Other applications of the more common use of models are 
the use of water channels in marine engineering and 
isothermal flow models in the design of commercial and 
industrial combustion equipment. The latter application 
in the combustion field is a growing technique being used 
to a greater extent in both predictive and diagnostic 
research.
The term modelling is used to cover experimental 
and to an increasing extent, mathematical techniques aimed 
at simulating specific aspects of the prototype process.
The range of factors of interest to the combustion 
engineer cover combustion efficiency, stability and flow 
patterns, as well as pressure loss, erosion and deposition 
problems.
■Generally^chemical reaction rates are not the 
controlling factors in industrial combustion equipment.
This is shown where overall reaction rates are lower 
than those predicted by theoretical reaction kinetics.
This limitation is due to the physical mixing processes 
which bring the fuel and air into intimate contact within 
the enclosed combustion chamber. On this basis many problems 
in combustion may be treated from the fluid-flow standpoint 
considering, when necessary, the chemical reaction to 
be of secondary importance.
Modelling the aerodynamics of furnaces can involve 
either hot or cold models. These cold or isothermal models, 
enable the research engineer to study various phenomena 
by choice of a suitable visualisation technique. Over the ■ 
years many different techniques have been introduced, as 
will be shown.
Groume-Grijmailo (27) and Rosin (49) were.early 
workers who used fluids of differing densities to simulate 
buoyancy effects (see Section 2:1).
Weddel (59) studied turbulent jet diffusion 
flames using an acid-alkali-indieator system, a method 
used with much success by Ruhland (50) to study flame 
lengths in the rotary cement kilnc This technique, still 
used today, gives a vivid picture of the mixing of flame 
jets. This novel ‘mixing1 technique was an extension 
of tracer methods which vary from aluminium particles 
to dye and smoke injection,.
Winter and Deterding (58) introduced small 
polystyrene beads into a water model thus providing a 
photographic tracer. The use of polystyrene beads to 
study flow patterns is attractive in that they have 
approximately the same density as water and do not 
blot out the visual effect s., so that a 2-D study is 
possible on sections of 3-D models with suitable use of 
lights.This flow visualisation technique has been used 
to study the aerodynamics of the rotary cement kiln by 
Lain (38) and also: later by Meerabux (40) to simulate 
the flow patterns on Lepol grates0
] ' .
Various dyes have been used to ;visualise flames,
plumes and other combustion phenomena (4,5,7*24,41)
19
Due to the mathematical complexity and the lack of 
knowledge in the area of furnace aerodynamics in particular 
and fluid dynamics in general, a concept recognised as 
important early on was that of similarity. The principle 
of similarity recognises that a physical system cannot be 
described by arbitrarily measured quantities such as length 
velocity or temperature but rather by ratios of these 
quantities which are free from dimensions.^To determine 
which dimensionless groups or criteria apply to a given 
problem requires the use of a dimensional analysis 
procedure such as Buckinghamfs tt theorem. The importance 
of each group can then be discovered by experiment. The 
success of modelling consequently depends on ensuring 
physical similarity in the prototype and the model and 
the similarity criteria found to be important in studies 
such as the present one are discussed in Appendix B.
2:3 THE TURBULENT JET
A basic hypothesis of fluid dynamics is that the 
fluid can be regarded as a continuum, that is to consider 
only those elements so large that the density becomes a 
continuous function of space coordinates despite the 
discrete contribution of individual molecules. This 
hypothesis will be extended in the present study, where 
mean flow rather than point properties are important, to 
cover a fluid containing small suspended particles.
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The mixing in enclosed turbulent jets is dominated 
by the random bulk movements of turbulent diffusion. Over 
the years, turbulent motion has proved to be- one of the 
most intractable problems of the physical sciences.
However., important progress is being made and indeed has 
been made in the last fifteen years so that some of the 
basic concepts of turbulence theory are now well established.
A jet of turbulent fluid issuing from a nozzle is 
made up of small eddies which are fairly large parcels 
of fluid in random motion. If, as in the present study, 
the nozzle is a straight pipe then the influx will have 
the characteristics of fully developed pipe flow. As the 
flur’d leaves the nozzle a surface of discontinuity is 
formed at the interface with the surrounding fluid. This 
discontinuous surface is unstable resulting in the 
development of waves or bulges of jetting fluid which 
become larger as they move downstream, turning into 
turbulent eddies. This results in contortion of the 
bounding surface and gives rise to a phenomenon known as 
intermittency, such that at any point within the volume 
occupied by these eddies there will be encountered, at some 
time, unmixed fluid from outside the jet.
Corrsin (13) found that,in a fully developed 
turbulent free jet exhibiting axial symmetry,a fully 
turbulent flow exists only in the core region out to a 
radius at which the velocity is about half that on the jet
±i 21
axis at the corresponding distance. This gives rise to 
a parameter known as the half-jet-radius, which is applied 
to ,other convective properties as well as the velocity. 
Outside this fully turbulent core Corrsin found a wide 
annular transition zone and beyond that a laminar collar.
This phenomena was also reported by Townsend (5.6) in a 
study of the wake behind a long cylinder.
\
The turbulent jet can be separated into three 
regions as shown in Fig.(l), along, with the velocity profiles 
normally associated with those regions.The turbulence in 
the mixing region of the jet results : i n ,14 the velocity ' 
gradient introduced by large scale eddies on the boundary 
surface.
\
In a recent detailed study of subsonic coaxial 
jets, Ko and Kwan (35) deduced the existence of two types 
of vortices of different frequencies. They proposed a 
secondary potential core, shorter in length than the prim­
ary potential core. This outer potential core of fluid 
may be assumed to be present in any coaxial jet flow.
Higher frequency vortices were found to be generated in the 
inner mixing region, between the two potential flows, 
whilst lower frequency vortices were generated in -the outer 
mixing zone, outside the secondary potential core. It 
was also found that higher frequency vortices were generated 
further upstream and that these became more dominant as
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the ratio of primary to secondary velocity increased.
2:4 THE FREE JET
The essential characteristic of turbulent motion 
is the random nature of the turbulent fluctuations. Thus,in 
principle,the solution of the turbulent flow problem requires 
the application of statistical mechanics. The problem is 
more difficult than this may suggest and several theories 
have been put forward in an attempt to predict the 
statistical properties-.of turbulence. The first successful 
theory was developed by Taylor (53) and improved by Von 
Karman (57)* Heisenberg (29) and Kolmogoroff (37). These 
theories dealt with the rather specific case of isotropic 
turbulence.
Of more use to the engineer are the semi-empirical 
theories of fully developed turbulent flow such as the 
Mixing Length Theory of Prandtl (44). The mixing length 
theory has been much used and extended by several authors. 
Keuthe (36) applied it to the case of the plane jet in a 
coflowing steam, attempting to describe the velocity 
distribution in the near-nozzle region. ^Squire and Trouncer 
(51) applied this latter work to the axially symmetrical 
jet in a uniform stream.
Later work (133l4) has shown that the assumption
of constant mixing length in jet cross-sections made| . .. 
in the mixing length theory, is incorrect. One of the 
critisisms of the theory is that the mixing, length parameter 
is not small in comparison with the dimensions of the mean 
flow. However, despite these drawbacks, the mixing length 
theory is still a very useful guide for many engineering 
problems.
The problem of turbulent -jet mixing of incompressible 
fluid was first analysed successfully by Tollmien (55), with 
the application of the mixing length theory of Prandtl. 
Tollmien-solved 2-D and axially symmetrical jets in stagnant 
surroundings.
Prandtl (44) had assumed that both longitudinal 
and transverse fluctuating velocities were proportional 
to the transverse mean velocity gradient.
i.e. u ’ ~ v T ~ &.3u (10)
ay
where the bar denotes a mean velocity and the prime the 
fluctuating component of the instantaneous velocity.
I is the mixing length parameter.. .
By comparing the rate of increase of the width of the 
mixing zone, to the vertical component of the fluctuating 
velocity (vT) Tollmien was able to show that
25
Tollmiens first assumption for free turbulent 
flow wa-s that ft/b was a constant across a given section 
of the mixing region and since
Dt dx
thenfor steady flow
db = Constanto
dx
so the spread of the turbulent Jet was shown to increase 
with linear distance.
Q?ollmein showed that for a constant pressure, 
self preserving Jet, the mean velocity in the horizontal
direction must be of the form
u  = i  f ( y / x )
; x *
This has given rise to the widely accepted 
free Jet ; axial decay law*
u - (Constant) d m _o
u xo
Which may also be derived from Dimensional analysis.
(See Section 3:4).
(12)
(13)
(14)
(15)
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The flows in the potential core region (I) and 
in the mixing region (II) of a round jet (see Fig* (1) ), 
were treated separately by Squire and Trouncer (51)
The two solutions were fitted together at the 
section where the potential core disappeared.
For the initial mixing region the velocity 
distribution was given by
u . = US + (uo" V
r 1 - Cos 7T R - r
R - r
(16)
where r g is the radius of the potential core0
The axial velocity in all sections of the 
developed jet was reported as
u = ug + (um- ug) ( 1 + Cos (irr/b))
(17)
This is one of the various mathematical forms in which the 
transverse velocity profiles may be expressed. Although 
none give a perfect fit, satisfactory agreement for most 
practical purposes may be given by Gaussian distribution 
functions, by cosine curves (as above), and even by fairly 
simple polynomial expressions.
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The s i z e  o f  the p o t e n t i a l  f l o w  r e g i o n  a s  r e p o r t e d  
b y  S q u ir e  and Trouncer is a  f u n c t i o n  o f  t h e  i n i t i a l  primary 
t o  s e c o n d a r y  v e l o c i t y *  a s  show n i n  P ig *  ( 2 ) 0
H in z e  and v a n  d e r  H egge Z ijn e n  (31) studied a ^ .• 
round t u r b u le n t  g a s  j e t  i s s u i n g  i n t o  q u i e s c e n t  ambient air 
and  c o n f ir m e d  t h a t  t h e  t o t a l  momentum f l u x  across any 
t r a n s v e r s e  s e c t i o n  o f  t h e  flow c a n  b e  a ssu m ed  to be constant* 
an  a s su m p tio n  now common i n  t h e  s t u d y  o f  incompressible jet 
f lo w *
27T.p/.u2rdr = constant (18
o
A ssu m in g  s i m i l a r  v e l o c i t y  p r o f i l e s  i n  a l l  s e c t i o n s  
o f  a  c o n s t a n t  d e n s i t y  j e t  ( t r u e  f o r  a l l  x > >  d 0 )$  t h e n  i t  
c a n  b e  show n fro m  E q u a t io n  ( 18)  t h a t  f o r  a  j e t  i s s u i n g  i n t o  
s u r r o u n d in g s  o f  d i f f e r e n t  d e n s i t y
3s - ku ■fo * d0 (19)
uo P 8V J
X
H in z e  and v a n  d e r  H egge Z ijn e n  ( 3 1 )  show ed  e x p e r im e n t a l ly *  
t h e  c o n s t a n t  o f  p r o p o r t i o n a l i t y  (ls^ ) t o  h a v e  a  v a l u e  o f  
6 * 4  and a l s o  t h a t  a  s i m i l a r  e x p r e s s i o n  c o u ld  b e  w r i t t e n  f o r  
t h e  c e n t r e l i n e  c o n c e n t r a t i o n  g r a d ie n t *
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Field et al (23) have correlated all the more 
.important free jet experimental results, giving ku and 
. k mean values of 6.3 and 5.0 respectively.
Field et al also correlated the radial 
distribution functions;
Y = Exp - k
f y
r . (20)
tp
m X^ V
where k = 96 for velocity (¥=u) and 37*5 for
concetration (Y=CEp -p )*s
Equation (20) can also be written in cosine 
form as Forstall and Shapiro (25) show giving their 
results in this form
U = 0o3*(i. + Cos (irr/2b)) (21)
m
The one radical difference between Equations(20) and(21) 
is that whilst Equation (21) gives a definite point at which U 
becomes zero, in Equation(20) U approaches zero asymptot­
ically. A modified version of Equation (20), similar to 
that used by Squire and Trouncer, and including the 
jet half radius3is commonly useda as this generally 
gives the better fit.
IT Exp ( - (r/b) ) (22)
Um
If equation ( 20) is used then k is sometimes 
assumed to be a function of linear distance which means 
that the'boundaries of the jet flow are taken as curved*
This would contradict the generalised turbulent free 
jet assumption of constant entrainment rates, as well as 
the mixing length hypothesis.
i
Using Equation (22).b is assumed to be associated 
with a constant jet half angle*
Abramovich (2 ) extended the fundamental theory 
of jets to the case of the jet in a coflowing stream, 
and for a round jet he predicted the length of the 
potential core as
L = 6.93
' 1 + V
i
uo
1 ~
3 + 2
. uo. o
*
V-
 
' -
(23)
Abramovich's theory predicts centre line velocity
profiles which coincide with Equation (19) when u = o.s
This theory predicts jet boundaries which are curved inwards 
towards the.end of the jet. With the work carried out by 
Squire and Trouncer (51), Abramovich’s theory illustrated 
two important effects in coflowing jets. The first was that 
the jet radius (and so the entrainment ratio) decreased 
as the ratio of secondary velocity to primary velocity was 
increased, and secondly under, these conditions of increasing 
velocity ratio the length of the primary potential core also 
increased, not ,however, to infinity when the velocity ratio 
is zero,as the theory suggests,but rather to some asymptotic 
value due to turbulence in the emerging streams.
A somewhat different effect is seen in the free jet 
in a cross-flowing stream, here the jet is subjected to a 
positive upstream pressure and a negative wake pressure 
resulting in deflection of the jet. Simultaneously the sides 
of the jet are subjected to lateral shearing forces and 
the combined effect of these forces is to change the cross- 
section of the jet to a kidney shape containing a pair of 
vortices. These vortices greatly assist the process of entra­
inment so that rate of entrainment is significantly greater 
than in a submerged jet.
In a study of a round turbulent jet in a cross flow 
Pratte and Baines (46) showed that the length of the potential 
core varied mainly with velocity. These results are shown 
in Figure (2) with the results of Squire and Trouncer (51), 
Forstall and Shapiro (25) and Abramovich (2). All these 
results are lower than the value normally found in free jets.
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The B o u s s in e s q  fo r m u la e  f o r  t h e  t u r b u le n t ,  t r a n s p o r t  
o f  momentum and h e a t  a r e  u s u a l l y  " w r itten  a s
T h e se  r e l a t i o n s h i p s  c a n  b e  w r i t t e n  i n  an  a l t e r n a t i v e  fo rm  
u s i n g  t h e  c o n c e p t  o f  t u r b u le n t  t r a n s p o r t  c o e f f i c i e n t s :
w h ere  Du and Dh a r e  t h e  t r a n s p o r t  c o e f f i c i e n t s  o f  
momentum and h e a t ,  r e s p e c t i v e l y . .
The r a t i o  o f  t h e  t r a n s p o r t  c o e f f i c i e n t s  i s  c a l l e d  th ee  
t u r b u l e n t  P r a n d t l  num ber b y  a n a lo g y  t o  t h e  la m in a r  P r a n d t l  
num ber CyCp/k)©
'T *
37
(24)
4 - ek
(25)
w h ere  e i s  t h e  e d d y  v i s c o s i t y  
y
and i s  t h e  e d d y  h e a t  c o n d u c t i v i t y .
t « p D u.3 U 
a7
(2 6)
q *= p C p .P h .3 T  
3 y
(27)
(2 8 )
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The m ix in g  l e n g t h  t h e o r y  p r e d i c t s  t h a t  t h e  t r a n s p o r t  
c o e f f i c i e n t s  w i l l  b e  e q u a l ,  t h a t  i s ,  a  t u r b u le n t  P r a n d t l  
num ber o f  u n i t y .  T h is  i s  a s i t u a t i o n  t h a t  i s  n o t  fo u n d  t o  
e x i s t  i n  p r a c t i c e .
C O rrs in  and U b e r o i ( 1 4 )  o b t a in e d  an i n d i c a t e d  
i n c r e a s e  i n  t h e  t u r b u le n t  P r a n d t l  num ber fro m  t h e  c e n t e r  
o u tw a r d s .
H in ze  and v a n  d e r  H egge Z ijn e n  ( 31) fo u n d  t h a t  t h e  
v a l u e  o f  Pr*. on  t h e  a x i s  o f  a  j e t  w as c o n s t a n t  a t  0 . 685* 
b u t  t h a t  t h i s  in c r e a s e d  s t e a d i l y  w i t h  r a d i a l  d i s t a n c e $ 
b e c o m in g  g r e a t e r  th a n  u n i t y  when t h e  r a d i a l  v e l o c i t y  j ratio 
i s  l e s s  th a n  0 . 2 .  T h e ir  r e s u l t s  sh ow ed  t h a t  Hh d e c r e a s e d  
r a d i a l l y  w h i l s t  Hu r e m a in e d  c o n s t a n t .
H in z e  and v a n  d e r  H egge Z ijn e n  a l s o  fo u n d  that 
te m p e r a tu r e  and c o n c e n t r a t i o n  profiles indicated 1 almost 
i d e n t i c a l  t r a n s p o r t  c o e f f i c i e n t s . .  Thus t h e  t e m p e r a tu r e  and  
c o n c e n t r a t i o n  p r o f i l e s  a r e  t a k e n  aa syn on ym ou s.,
The r a t i o  Du/Dh i s  known a s  t h e  t u r b u le n t  P r a n d t l  
num ber when r e f e r r i n g  t o  te m p e r a tu r e  and S c h m id t num ber  
w hen r e f e r r i n g  t o  c o n c e n t r a t i o n .
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P r a n d t l  ( 45)  p r o p o s e d  t h a t  t h e  t r a n s p o r t  c o e f f i c i e n t s  
w ere  c o n s t a n t ,  a n d , d e s p i t e  t h e  f a c t  o f  a  v a r y in g  Eh i n  
r o u n d  j e t s ,  t h e  a s s u m p tio n  o f  a  c o n s t a n t  Pr^ i s  t a k e n  t o  b e  
a c c e p t a b le  f o r  p r a c t i c a l  p u r p o s e s ,  t h u s
A t y p i c a l  v a l u e  f o r  i s  0®7 * a s  g iv e n  b y  C o r r s in
an d  U b e r o i (l4)a and B e c k e r  a t  a l  (7).
As d i s c u s s e d  p r e v i o u s l y  t h e  d i s t r i b u t i o n  f u n c t i o n  i n  
a  ro u n d  j a t  i s  t a k e n  t o  b e  G a u s s ia n , t h e  r e l a t i o n s h i p  
b e tw e e n  t h e  p r o f i l e s  o f  c o n c e n t r a t io n  and v e l o c i t y  b e i n g  
n o r m a lly  w r i t t e n  a s
Thus X ( a s  P r^ ) i s  a  p a r a m e te r  r e l a t i n g  t h e  s p r e a d  
o f  t h e  v e l o c i t y  and c o n c e n t r a t i o n  ( t e m p e r a t u r e )  p r o f i l e s *
(29)
C
cm
u
(30)
a n d
A » (P r t )
•0„5
(31)
| A Prt of 0.7 |g iv e s  a  v a lu e  o f  1 * 2  t o  X ,  a l t h o u g h  a  v a l u e  
o f  1 e 1 6  i s  m ore n o r m a lly  u s e d  ( s e e  e * g e l „ 4 , 5 ) o
2:5 THE CONFINED JET
A free jet which has solid boundaries introduced at 
a finite distance undergoes certain basic changes and is 
then regarded as an enclosed or confined jet. In such a 
jet the fluid required to satisfy the entrainment needs 
of the flow may be limited and the pressure in the jet then 
increases with axial distance, compared to a free jet 
where the pressure remains almost constant, eventually to 
decrease, as shown in Pigs.(6 and 7).It has become common
in some circles to consider confinement ratios (the ratio
: .   . . . .
of | m a m  ducti to nozzle or effective nozzle diameters ;
greater than 20 to indicate a free jet system and less than
20 an enclosed jet system. £ model for a confined jet is
described in Appendix (A.l).
If the confined system is non-compound, i.e. no 
secondary flow, then all the entrained fluid must come 
from recirculating downstream fluid. The introduction of 
a secondary coaxial stream will gradually decrease this 
recirculation to zero.
One method of modelling an enclosed jet is 
to replace the nozzle diameter and velocity with an 
equivalent nozzle diameter, do*, which is the diameter 
of a nozzle giving the same mass flow and momentum at the 
furnace density and velocity,subsequently treating
^ 36
the problem as that of a free jet
(32)
The recirculation phenomena has been discussed
by many authors, seme of whom have given predictions of
been proposed these are normally only superior to that 
of Thring and Newby when the effective nozzle diameter 
is greater than l/20th the diameter of the.duct.
The basis of the Thring-Newby theory is the 
assumption that the jet entrains as a free jet up to a 
point mid-way between the point of zero entrainment and 
the point of impingment at the wall.
A modified version of the Thring-Newby theory is 
outlined in Appendix (A: 2) ' based on the empirical
laws of Ricou and Spalding (ii8) and values of half angles 
reported by Field et al.(23) in a reyiew of the more important 
results. The modified theory gives the recirculation ratio as
the occurance of recirculating areas. Thring and Newby 
(5^0 proposed a simple theoretical treatment of the
>... enclosed jet baaed on the empirical laws for a free
jet? Although more refined theories have since
(mB + mQ)
O.H7  _ 0 . 5  
6 '
( 3 3 )
The o n se t; o f  r e c i r c u l a t i o n  e n tr a in m e n t  i s  g i v e n  b y
x ^  * 6 .2 5  0 ’ ( D / 2 )  (3 * 0
A c o m p a r is o n  o f  E q u a t io n  (A 4 8 a ) w i t h  t h e  o r i g i n a l  
T h r in g -N ew b y  t h e o r y  ( 5 4 ) ,  t h e  C raya  -  C u r te t  ( 1 5 )  and  t h e  
e x p e r im e n t a l  r e s t i l t s  o f  B e c k e r ^ H o t te l  and W il l ia m s  ( 7)  
i s  show n i n  a  p l o t  o f  maximum r e c i r c u l a t i o n  r a t e s  i n  
E i g . ( 3a ) .  I t  i s  s e e n  fro m  t h i s  p l o t  t h a t  E q u a t io n  (A4-8a) 
f i t s  t h e  d a t a  o f  B e c k e r  e t  a l  e q u a l l y  a s  w e l l  a s  t h e  m ore  
w i d e l y  a c c e p t e d  c o n f i n e d  jet  t h e o r y  o f  C raya  an d  C u r t e t .  
E ec a u se  t h i s  t h e o r y  d o e s  n o t  g i v e  a x i a l  d i s t a n c e s  i n  an  
e a s i l y  i n t e r p r e t a b l e  fo rm  t h e  e x p e r im e n t a l  c u r v e  o f  
C ohen d e  L a ra  and R i v i e r e  ( 12 ) i s  m ore u s e f u l  f o r  p r a c t i c a l  
p u r p o s e s  ( R ig .  3 b ) .
B e c k e r  H o t t e l  and  W il l ia m s  ( 7)  a d v o c a te d  t h e  u s e  o f  
t h e  w e l l  known C ra y a  -  C u r te t  s i m i l a r i t y  p a r a m e t e r ,  i n  a 
m o d i f i e d  fo r m , n a m e ly  a s  t h e  s q u a r e  r o o t  o f  t h e  r e c i p r o c a l  
o f  t h e  o r i g i n a l  p a r a m e te r .  B e c k e r  ( 8)  h a s  s u g g e s t e d  t h a t  t h e  
b e s t  fo rm  o f  t h e  new  C u r t e t  Number i s
38
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FIG.5' ~ RECIRCULATION PARAMETER'S' IN ENCLOSED JETS
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w h ere  a  i s  t h e  s e c o n d a r y  f lo w  a r e a  s
and  M0 i s  t h e  j e t  momentum a t  t h e  n o z z l e .
E q u a t io n  ( 35)  i s  t h e  g e n e r a l i s e d  fo rm  o f  t h e  C u r t e t  
num ber a parameter which e x p r e s s e s  t h e  e f f e c t  o f  in p u t  
momentum on  t h e  c o n f in e d  j e t  system ©
When t h e  p r im a r y  and s e c o n d a r y  f lo w s  a r e  u n ifo r m
Ct
m us  s
in '(11 -  u )  0 0 s
( 3 6 )
C u r te t  (17) g a v e  t h e  c r i t i c a l  v a lu e  o f  h i s  s i m i l a r i t y  
p a r a m e te r  a s  0 , 9 1 «  w h e r e a s  D e a ly  (19) g a v e  a  r a t h e r  h ig h e r  
v a l u e  o f  1 , 4 5 *  c o r r e s p o n d in g  t o  a  C t ( c r i t )  o f  0 , 8 3 .  T h e se  
c r i t i c a l  v a l u e s  a r e  t h e  v a l u e s  a t  w h ic h  r e c i r c u l a t i o n  
commences© A c r i t i c a l  C u r t e t  num ber f o r  t h e  o r i g i n a l  
c o n f i g u r a t i o n  o f  t h e  m o d el u s e d  i n  t h e  p r e s e n t  s t u d y  c a n  
b e  o b t a in e d  fro m  t h e  d a t a  o f  L a in  ( 38)  b y  p l o t t i n g  t h e  
i n i t i a l  and f i n a l  p o i n t s  o f  t h e  r e c i r c u l a t i o n  e d d y  a s  a  
f u n c t i o n  o f  t h e  C u r te t  num ber a s  i n  T ig ©(  5 ) •  Prom t h i s  
p l o t  t h e  c r i t i c a l  v a lu e  o f  t h e  C u r te t  num ber i s  0 © 8 5 ,  
t h e  same v a lu e  a s  t h a t  r e p o r t e d  b y  Dealy©
Tim e a v e r a g e  f l o w  p a t t e r n s  s i m i l a r  t o  t h o s e  t h a t  
m ig h t b e  e x p e c t e d  t o  e x i s t  i n  t h e  e x p e r im e n t a l  m o d e l b e i n g  
u s e d  i n  t h i s  work* due t o  L a in  a r e  show n i n  E i g ©(4)©
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Thus the modified Thring-Newby theory is seen to be a 
much better fit than the original theory and to be reasonably 
accurate in its prediction of the position of the recirculation 
eddy. The Craya-Curtet (15) theory is illustrated by the 
results of Cohen de Lara and Riviere (12) in the form of the 
point of maximum recirculation in Pig. (5)«
If the Thring-Newby parameter O ’ is replaced by the 
Curtet number in Equation (3*0 then the upstream end of the • 
recirculation eddy is predicted accurately.
Thus V
xn = 6.25 rQ Ct. Ct < 0.83 (37)
where xn is measured from the end of the potential core 
region* in this case taken as 3 «5dQ .
Most of the existing analyses of the confined jet mixing 
problem (19*30**17) approach the problem by integration of the 
continuity equation and the equations of motion in the radial 
direction leaving only integration in the axial direction to 
describe the complete flow field. This usually involves the 
use of one of the simple numerical integration techniques 
which have become increasingly popular in the field of fluid 
dynamics in recent years.
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It is worth noting that although many authors (1*4*5* 
18*33*46) have considered systems in which the jet density 
is not the same as the surrounding density* very few have 
considered the case of the changing density jet.
Razinsky and Brighton ( 4 7 )  i n  a unique study of the 
non-separated mixing in an enclosed jet* included the wall 
boundary layer in their analysis. The effect of the wall 
boundary layer was also studied by Hill (30)* although he 
simplified region (1) by assuming'the flow field to be large 
enough for the potential core to be replaced by a point source 
at the nozzle exit. Both Hill* and Razinsky and Brighton 
included region (1) in their analyses whereas Curtet did not. 
Razinsky and Brighton showed that the length of region (1) 
decreased with increasing velocity ratio as had Fortall and 
Shapiro (25) (see Fig.(2) ) in a much earlier study. What 
they showed in addition however* was an increase in 
boundary growth with increasing velocity ratio.
They concluded however* that inclusion of the boundary 
layer has little effect on the size of the initial mixing 
region (region 1).
The theoretical pressure distribution was found to be 
affected considerably by inclusion of the boundary layer* a 
situation which does not agree with experimental data* whereas
the centreline velocity is affected by less than two per 
cent. ■
The analysis of Razinsky and Brighton does not include
the recirculation or separation phenomena, the study was made
in the region 0.8l<Ct<3*4.
The centreline pressure distribution as reported by- 
Razinsky and Brighton (47) is shown in Fig. (6) along with 
their own theory and that of Hill (30).
Similar results were reported by Barchilon and Curtet
(6) who worked mainly in the recirculation regime„Fig.(7) •
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— — Razinsky
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PIG. 6 - PRESSURE DISTRIBUTION ON THE 
AXIS DUE TO RAZINSKY AND BRIGHTON.
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FIG. 7 - PRESSURE DISTRIBUTION ON 
THE AXIS DUE TO BARCHILON AND CURTET.
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2:6 RATE OF ENTRAPMENT
As seen in Section (2:3) the difference in 
momentum between a turbulent jet and its surroundings 
gives rise to mixing between the two streams which 
in turn causes the jet to entrain some of that 
surrounding fluid0 The entrainment of slower moving 
fluid results in spreading and deceleration', of the 
jet.
This is an important feature of jet flow and 
means that in practice a flame jet can entrain its 
air requirement from a separate stream, thus 
removing the need for totally premixed flames. So 
a turbulent diffusion flame releases its heat at a 
rate which depends on its entrainment of combustion 
air.
The entrainment requirements of a flame 
jet are normally not completely satisfied by the 
air requirements (plus any excess air) of the 
combustion system and so recirculation of 
downsoream.combustion products is a common phenomenum 
in industrial enclosed flames.
47
The rate of entrainment of a jet can be 
estimated by integration of the flow across the jet as 
found fromr the velocity *distribution0
The rate of flow across any section at right 
angles to the jet axis is given by
m = 2'irJ pUrdr3C a (38)
Ricou and Spalding (48) developed a direct 
metering method for the determination of entrainment 
rates and gave their results in the form of a 
correlation:
m = 0 . 3 2  x
m
ps x
d (39)
This relation shows that the rate of 
entrainment in a turbulent jet is independant of 
linear distance * but not density,,
Donald and Singer (20) in a study of constant 
density systems, gave their results in a similar form
mx = 0„576 v0-133 x
m.
(40)
In a recent study of entrainment rates in
turbulent stream flows, Paizis and Schwarz (43) 
showed that entrainment rate for a round jet is 
constant:
turbulent jet entrains at a constant rate for x/dQ 
> 6c Up to this point the entrainment proceeds at a 
slower rate, progressively increasing until it 
stabilises at a constant value.
It may be noted that this limiting value 
corresponds roughly to the point at which the 
potential core ceases to exist.
An alternative way of expressing 
entrainment rate is by an entrainment coefficient 
defined as the ratio of the influx velocity component 
(u^) perpendicular to the jet axis, to the centre line 
velocity of the jet.
dmx
dx (41)
Thus it is generally accepted that a
so a (42)
This has been shown experimentally to be 
a constant (3,22 ). The data of Rouse et al ( 60) 
shows a= 0.082 for buoyant plumes while for 
momentum jets the value of a= 0.057 has been found 
based on data of Albertson et al (3 )0 Anwar (5 ) 
found a varying coefficient of entrainment for 
what was in effect a buoyant plume, i.e. a case in 
which buoyancy forces dominate the largest part of 
the jet.
However, in the present study buoyancy 
forces cannot dominate the whole length of the plume, 
v as they decrease (in relation to the surroundings) 
with axial distance due to the mixing contained by the 
tube wall.
Ricou and Spalding (48) attempted to establish 
the value of the Reynolds Number above which the constant 
•entrainment assumption was valid, for constant density systems.
More precisely they gave the constant 
entrainment equation as 
m
■---¥— r = constant (43)
x M V
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T h is  i s  a  r e s i s l t  w hich , c a n  h e  o b t a in e d  fro m  
d im e n s io n a l  a n a ly s i s * .
The r e s u l t s  a r e  s h o r n  i n  P ig *  (  8 ) f o r  t h e  tw o  
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SECTION 3 
THEORETICAL ANALYSIS
3:1 INTRODUCTION
A turbulent, buoyant jet, issuing horizontally 
into an enclosed coflowing stream may be modelled 
mathematically by considering the- motion of an axisymmetrical 
turbulent jet, where the buoyancy forces are represented 
•in terms of different specific gravities in the initial • 
conditions of the co-flowing streams.
A schematic illustration of the model is shown 
in Fig. ( 9 ).
3:2 FLUID DYNAMIC CONSIDERATIONS
The turbulent motion of an incompressible fluid 
can be described by the equations of mass conservation 
and Navier-Stokes equations of motion.
The continuity equation for an axisymmetrical
flow is
M  + I.Alvr) = o
3x r 3r
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The mean values for the Navier-Stokes equations 
for near rectilinear flow are
u9u + v9u + 9ut2 + l J f u ’v'r)
ax 3r 3x r ar
= “I-lE + v’[ V u  + a2u + i.au*
(45)p 3x 9x 2V. 3r 2 r 3rJ
and PQ = p + pv.’2 - > . (46)
where PQ is the static pressure3 being a function of x 
only. The prime denotes fluctuating turbulent values.
Where turbulent shear predominates over viscous 
shear we have
u9u v8u ' Bui 2 ' 1.9(u 1v Tr )
ax 8r ax r ar
From Equations (46) and (47), and noting that the 
difference. (uT2-vt2) is small compared with other terms
uau vau i . a (u1 v Tr )
3x ax r ar
The turbulent shear stress is given by
1.3P( 
p 3x
(48)
1 . 3p 
p 3x
(47)
T = -pu'v'
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Using the mixing length hypothesis (see Section 2:4) 
and the concept of eddy viscosity (e=pvT&)
T = (50)
dr
The eddy viscosity is assumed to be constant over any 
cross-section of the flow.
Prandtl (^5) proposed that the turbulent exchange 
coefficient,Du (=e/p) could be written as
Du = —  « Cu - u • ) »b (51)v max m m 7
P
Thus this shear stress model for a circular turbulent 
jet assumes a constant exchange coefficient across the jet.
As shown in Section (2:5) in most practical cases the 
axial pressure profile is almost flat .So with this 
assumption and Equations (49), (50) and (51),Equation (48) 
can now be written as
u3u , v3u bU *32u /rQ \—  + —  « m — —  \52j
3x 3r 3r2
Equations (44) and (52) are the simplified equations 
of motion for a circular turbulent jet.
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3:3 MOMENTUM INTEGRAL
Integration of Equation (52) with respect to radial, 
distance gives the momentum integral for a strong circular 
compound jet:
d
cTx
JpU2rdr 0 (53)
This expression says that the excess momentum of 
the jet flow is preserved.
For a flow affected by gravitational forces, and as 
a consequence of such inclined to the horizontal by an 
angle $(=f(x)), the momentum integral in the horizontal 
direction is
'cos $/p.U2rdr'
dx
= 0 (54)
A vertical momentum integral for a near rectilinear 
flow under the influence of a gravitational force g(p~p0)
53
can be written
sin$JpU2dA = M sin$ + g//(p-p )dAds (55)
the subscript e refers to the initial potential 
flow region.
57
If the surrounding flow is constant, as . 
would be almost true in a free jet then the pressure 
would be constanto Under these conditions the flow is 
said to be self-preserving0
It will be assumed that the flow under 
consideration is self~preserving, for several reasons:
1) Normal 2-D and axisymmetrical jets, or 
convection plumes,' being free turbulent 
flows are accepted as exactly self- 
preserving flows*
2) The mixing zones between two streams of
/
different velocities are also accepted as 
being self-preserving flows,
3) Razinsky and Brighton (47) have shown 
experimentally that the static pressure 
varies very little from the initial value 
at the nozzleo
They found that for values x/R < 12,5 
the excess pressure was zero.
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For Razinsky and Brighton D/dQ = 6 giving 
x/dQ =37.5.
In the present study D/d^ = 10 giving a 
corresponding value for x/d' = 62.5 •
Thus whilst it is normal to assume a self preserving 
flow in a restricted region up to the point where the jet 
spreads to the mixing tube walls, where the present work 
exceeds this point the assumption will also be applied.
This assumption has been shown by detailed analysis 
(25 ,30 ,51 ) to be less than perfect, but none the less 
provides a good means of predicting the mean flow field 
with reasonable accuracy.
The condition for a self-preserving flow is that 
the mean characteristics of the turbulent motion are 
similar in all transverse sections.
3:4 DIMENSIONAL CONSIDERATIONS
As previously discussed the circular jet in a 
zero pressure gradient field can be analysed by the 
assumption of constant momentum in the axial direction. 
Consequently if M 0 is the momentum flux at the nozzle then 
this is equal to the momentum flux in all other sections.
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Thus M 0 is considered to be an important jet characteristic.
We may propose that the axial velocity is a function 
of momentum, as well as density and linear distance.
1 • e • u m = f ( M 0 , p , x )  ( 5 6 )
Here the assumption is made that the Reynolds number 
at the nozzle is large enough to neglect the effect 
of molecular viscosity.
Using Buckingham’s pi theorem
^m = constant (57)
(MQ/px2)§
For a jet where the fluid density may be considered 
to be uniform the momentum flux may be written
Mo = V  Uo2/4 (58)
which, combined with Equation (57) gives
Um d— = constant, o /cn\
u “ (59)
O X
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3:5 DERIVATION OF AN EXPRESSION DESCRIBING THE PATH
OF A' JET.
Cylindrical coordinates r .arid s will be used where 
r is the radius normal to the jet axis, and s is the jet 
distance . '
In the mathematical approach to the problem, 
as already discussed, the profiles of velocity and 
concentration in sections perpendicular to the jet 
axis will be assumed to be similar in all jet cross- 
sections greater than (s-s ), where sQis the length of 
the initial mixing or potential core region.
These profiles are expressed in the form given 
in Equation (22)0
U u -u
—  = exp{-(r/b.)2 } (22)
C P ~P
—  = exp{-(r/Ab)2} ( 6 0 )
Where A is a non dimensional parameter 
representing the ratio of side ways spread of 
velocity to side ways spread of concentration.
"j 61
If the similarity principle is accepted then 
it follows that any form of distribution can be used 
in the mathematical analysis without any loss of 
physical meaning©
Integration of the continuity Equation (44)
gives
d
ds
pudA = 2*iT0tbu p
A
where a is a shape factor. Equation (6l) can be' written:
d [purdr = abu p — m
ds
The continuity equation for a tracer' or species 
carried by the jet is 
UCdA = 0
A
d
ds
or
UCrdr = 0
The horizontal momentum equation is as in 
Equation (54) and the vertical momentum equation as 
in Equation (55),
(61)
(62)
(63)
(64)
These relationships are based on an assumption 
of constant jet static pressure.
Eor $=0 the influence of the initial jet momentum 
predominates over the buoyancy forces.
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Accordingly for $=0 horizontal jets behave 
like nonbuoyant Jets and so it will be assumed that 
sin in Equation (55) is zero.
Using the above assumption and combining 
Equations (5*0 and (55)
;S
Mtan$ = g (p-p )dAds (65)
A 8O'
where Mis the constant of integration from Equation
(55).
faking note of the mathematical relation
00
-ax, 1 e dx = 1
and integrating Equation (65) in the radial direction 
gives
M tan$ = grA 
From Equation (64)
fo0
(p-p )Urdr = d 2(p -pe)U2
carrying out the integration
b 2(pm~Ps) = (1 + l ^ 2)d02(P0-Ps)U0
4 Um
Using the form of the axial velocity profile 
given in Equation (91) Section (6:5;2) then
(6 6)
s
b2(pnfps )ds (67)0
~-o SKo o (68)
0 4
( 69)
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Um/jj = exp (-Ks/do) and thus
b2 (pm"ps)ds = U _ t U Z i i ) d 03(D0-ps) 
* . K 4
0 - 1
m
substituting Equation (70) into (67) gives
(70)
M tan$ = gTr(l + A2 )dQ3 (PQ~P,J 
k 4
Malting the substitution:
■m - 1 (71)
'M = ird p U. : —o Ko o (72)
then:
tan$ = g(l + A2).(po “Ps)
p kU : Ko o
o - l
m
for small values of $ , tan $ can be approximated 
by sin $ , thus:
dy _ g(l + X2).(P0~PS)
ds
integration gives
p kU ■ Ko o
g(l + A2).(p -po) dy = ° O S O
p„ k 2U 2Ko o
U—o - l
Um
-o - lnfu /U ) -
U 0 mm
1
(73)
(7*0
(75)
Equation ( 75) can be more usefully written in 
the form
L = g(l ^2)d0<(p0-ps)
d
k 2U 2 o
2o - ln(Uo/Um)- 1
um
The value of A is normally taken as 1016 for 
enclosed axisymmetrical jets„
(76)
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Using the densimetric. Froude number as given in 
Appendix (B.2),viz.
U.o
g(po'pS)do/ps
Substituting for this densimetric Froude number 
in Equation (76) gives
y
d
= (1 + X2).p 
K2Fr'2 p
s . ln(Uo/Um ) - 1
This expression, however, is' somewhat clumsy in 
that it is not immediately apparent how the deflection 
is affected by a change in the ratio of the initial 
densities.A more useful expression can be obtained by 
a slight modification to the densimetric Froude number 
as given by Equation (B.5):
pr t
mod
U
S<pcT ps)do/fio
Thus the unmodified and modified densimetric 
Froude numbers are related by
Pri
mod Fr
f ■S
PS
A,
(B.5)
(77)
(78)
(79)
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Equation (76) can now be written in the form:
y
do
(80)
This can also be written as:
(81)
If we now look at Equation (8l) it is seen that 
the function (1 + X2) is a' non-ideality factor, that is 
a factor which is a measure of how much the turbulent 
Prandtl number deviates from the ideal.
has a value of 0.7, giving (1 + A2) a value of 2.43. 
Using the value of 1.16 for A, as previously discussed, 
gives the function (1 + A2) a value of 2.35.
number decreases, that is the jet becomes more non-ideal 
by a greater spreading of the concentration profiles 
than the velocity profiles, then the deflection is 
increased. However, as the Prandtl number decreases 
then the constant in the axial velocity profile is
As already seen in Section (2:4) Pr^ generally
Equation (8l) predicts that as the Prandtl
66
likely to increase. Whether this will compensate for the 
increase in the function (1 + A2') is open to question.
the jet is deflected upwards or downwards. The curvature 
of the jet axis depends on the magnitude of the modulus 
of the Froude number. The curvature is large for small 
values of |FrT| or l^r^ ^|. ^or lFh T| or l^r^^l 00 
the axis of the jet is a straight horizontal line. For 
|Frr|  ^ 0, the jet is directed vertically upwards after 
passing from the nozzle.
In this study the Froude number is considered to 
be positive when pQ > p .
also be used to analyse a free jet where the velocity 
profile is as given in Section(2:4)
numbei) determines whether
The analysis used to arrive at Equation (81) can
U (19)o
Taking Equation (69)
b * ( P m  - P s ) = (1 + i / * 2 )d0* (p0 - p B ) u,.
(69)
u
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Making the substitution and integrating with respect to 
x 3 gives
b2(V ps)ds = (1 + 1/x2)do(po“ps)*§--^ . (82)
°' U 2 U4 m
Substituting Equations (67) and (72) into (82)
(p -p ) U n 
dy = g(1 + x2) . - ^  A - 2 .  i (83).
ds po 2 °m V
Integration gives
g d  + ^2) m (p0~ps).s2 # U 
1 2 ~
o p 6 U
y =   • -2— ®. (84)
s
Equation (84) can be more usefully written in 
the form
y _ ( 1 + A 2) s2 Uo (85)
d 6Fr.f 2 , d 2 Uo mod o m
or
y
d
(1 + X2)_l
Fr * 2 ■ , mod
f ^
p.
6k d 3u o
(s>6d ) o
(86)
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Here s is measured from the nozzle rather than 
from the end of the potential core region.
Figure (10) illustrates the effect of the nozzle 
densimetric Froude Number (as defined in Equation (78)) 
on the trajectory of a confined jet as given by Equation 
( 81) .
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SECTION 4 
DESCRIPTION OF MODEL AND 
ANCILLARY EQUIPMENT
21:1 KILN MODEL
4:1:1 Introduction
To carry out the investigation a 1 / 2 k scale model 
of a real kiln installation was chosen. This was constructed 
from perspex and corrosion resistant fastenings and can be 
seen in Plate (1). Great care was taken over the machining 
of joints as perspex tends to show up areas of high stress 
by clouding.
Other apects of the experimental set up are shown in 
Plates (2,3 and ^), the overall design being illustrated 
schematically in the flow diagram, Pig. (11).
A major consideration of the design was that of 
corrosion. Apart from the more obvious problems normally 
associated with corrosion, to maintain a clear and sharp 
view of the working section it was necessary to prevent any 
corrosion products from becoming dissolved in the working 
fluid. Thus the use of corrosion resistant materials was a 
major critereon of the experimental design.
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4:1:2 Model Design
The kiln model was constructed as shown in the 
design drawings Pig. (12,13 and 14) and although used in 
a previous investigation (38) it was entirely redesigned 
and rebuilt for the present work. The model consists of 
a Fuller Cooler (Fig (13))* connected in-line with a kiln 
tube, (Fig. (12)). The two are connected by a hood and 
uptake section, Fig. (14), in such a way that the cooler is 
offset to overcome the motion imparted to the charge by 
rotation in the real kiln.
The secondary flow to the model enters the cooler 
through a two inch nominal bore tube, set into the side 
of the cooler, below the level of the grate. The kiln 
tube, Fig. (12), has a nominal bore of five inches tapering 
to inches at the nose ring. In the calcining zone ( in 
the real kiln) the bore is enlarged to six inches forming 
a bell 26 inches long. The purpose of this bell in the 
prototype is to increase the residence time of the clinker 
in the calcining zone.
The tube is inclined at an angle of approximately 2° 
to the horizontal down to the nozzle, and it is this 
inclination, along with rotation which causes the charge to 
travel from the ’Back End’ towards the nose ring in the real 
kiln.
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A I inch I/D adjustable brass nozzle was inserted 
through the cooler hood into the kiln along its axis 
see Plate.(2)3 by means of a J11 B.S.P. thread in the optical 
box, being held into the cooler with two brass nuts.
Silicone rubber was used to seal the construction. The tip 
of the nozzle was set one inch inside the nose ring.
The kiln tube'was enclosed by an optical box of 
dimensions l4ins. x llins.’x 54ins. which was sealed to the 
•model by fitting it between the cooler hood and uptake. This 
was fitted with a combined inlet/drain to enable the box to 
be filled with water.
The model was fabricated mainly from perspex and brass 
fixing plates and fastenings. All joints were either glued 
or sealed with neoprene gaskets and liquid silicon rubber.
4:2 PRIMARY FLOW SYSTEM
The magnetite slurry used as the primary jetting 
fluid was pumped to the nozzle by a MONO pump with the 
following specifications:-
Type : CD 70B4/X
Size : D70
Rating: 1250 gph against 50 ft. total head
Motor : 720 r.p.m. 3 phase motor
driving a belt.
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This positive acting rotary pump, widely used as a slurry 
feed pump in industry, was fed with Magnetite slurry from 
a 50 gal. mixing tank sitting over the pump inlet. Mixing 
of the slurry feed was achieved with three § h.p. stirrers 
with stainless steel shafts and impellers. Further mixing 
came from the recycle and the spillback from the pulse 
valve. The slurry flowrate was varied by means of an air 
controlled Diaphragm Operated Spring Closing (DOSC).Saunders 
valve with a manual overide facility and recycle line, as 
shown in Plate (3).
The pipework for the primary flowline was constructed 
almost entirely from 1\ inch nominal bore (BSP) uPVC 
plastic pipe. In this case the smaller bore size was chosen 
to prevent the precipitation of Magnetite found to occur 
in the larger diameter pipe. For this reason also3the 
vertical travel was kept as short as possible and a purge 
facility was:included so that the primary flowlines could 
be periodically cleared of any settled Magnetite.
4:2:1 Pulse Valve
The purpose of this pulse valve was to enable the 
Magnetite jet to be pulsed thus preventing the working 
section from becoming obscured due to recirculation. This 
pulsing technique also meant that the primary flow was 
running continuously so inhibiting any settling. The 'valve 
was positioned in the flow nozzle 12 inches from its tip,
PLATE 3 - SLURRY PUMP, MIXING TANK AND PRIMARY
CONTROL VALVE
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as shown in Plate (3)* The valve was modified from a 
Martonair S/565A/87 three-position lever-operated air- 
controlled piston valve (‘Fig. (15)).
A piston, fitted with O-rings, was arranged in 
such a way as to slide in a body bush assembly so that the 
connections shown in Fig.(15). were made. Between the 
body and the piston was a small brass bush originally 
drilled with a series of small holes connected by an annulus 
with each of the valve ports. These holes were subsequently 
enlarged to reduce the considerable pressure drop accross 
the valve. Fig.(15 I and III) shows that one of the two 
streams could be fed to the nozzle. These two streams were 
Magnetite, delivered by a Mono pump as described above, 
and water supplied either by the mains supply or from a 
tapping off the secondary flow line for the higher flowrates. 
The flowrate of the water jet was measured by a rotameter.
*1:2:2 Filter Tank 
*
. The output from the model could be either passed to 
the drain, when the solids content was very low, or to a 
filter tank when there were solids in the effluent. The 
reasons for separating the Magnetite were two fold: 
i) to avoid blockage of the drains,
and ii) to conserve the limited supply of Magnetite.
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FIG,16 - half-sectional elevation of
MAGNETITE FILTER TANK.
The overall dimensions of the tank were 4ft.6ins. 
high by 3ft. square. It was fabricated from 16 swg. mild 
steel supported by a two inch mild steel angle frame. All 
rigid joints were welded and then, sealed with fibreglass 
resin, the entire structure was finished with a tough 
polyurethane paint. The bottom of the tank was constructed 
with a removable pan (Fig.(l6)) which contained a perforated 
plate over which was stretched a suitable filter cloth for 
retaining the Magnetite solids.
4:3 SECONDARY FLOW SYSTEM
Water was used as the secondary, surrounding fluid, 
representing the combustion air, this being supplied by a 
large capacity centrifugal pump with the following s 
specifications:
Type -Worthington-Simpson, 2DM12/39A
Delivery -lOOgpm. at 90ft. head.
Motor -3 phase drip-proof.
Rating -5 h.p. cont
Due to the large flowrates being used sump tanks
were required capable of supplying the pump with water 
which was reasonably de-aerated. The tanks used were of 
a moulded polypropylene construction with a capacity of 
295 gals. They were supported on a steel structure at a 
height of 10 ft. above floor level saving space and 
providing a constant head and self priming system for
85
the centrifugal pump. A-further advantage of these tanks 
was that they allowed the water to reach room temperature.
The pipework was constructed from 2 inch nominal 
bore (BSP) uPVC plastic pipe with similar fittings glued 
or threaded as required. The design of the flow system 
is shown schematically in Fig,(11). All valves were rubber 
lined being either Serck Audco 2 inch butterfly valves or 
2 inch Saunders valves. Control of the secondary flowrate ■' 
was by means of a pump recycle and an air operated DOSC 
Saunders valve in the inlet line to the model. The control 
medium for this valve, air, was supplied from a bottle 
and adjusted using a needle valve. These controls are shown 
in Plate (4).
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PLATE U - SECONDARY FLOW CONTROL CONSOLE AND
FILTER TANK
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SECTION 5
DESCRIPTION OF MEASUREMENT TECHNIQUES 
5:1 MEASUREMENT OF JET PATH
The initial problem was to find a method of 
analysing the buoyancy effects in an enclosed turbulent 
jet with special reference to the situation existing in 
a Rotary Cement Kiln,
The method of simulating a hot gas jet entering 
surroundings of higher density has been adapted from that 
reported by Horn and Thring (3h).
This technique was to inject a jet of magnetite 
slurry, being heavier than water, into a water filled 
combustion chamber, producing an inverse buoyancy effect,
5:1:1 ORIGINAL CONCEPT
The original technique was to be a simple photographic 
method entailing high speed photography of the jet flowing 
into a coflowing stream of water and subsequent geometric 
analysis of the developed film. However, it was soon 
discovered that this method was not possible due to the 
recirculation eddies set up in the model. The resulting 
film appeared to be of a regular photographic density.
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Even a microdensitometer, an instrument designed to 
analyse the density of the emulsion on photographic 
plates, could not separate the Jet from the surroundings 
with any degree of accuracy.
5:1:2 Hot Jet
The Jet was heated to a temperature of 70°C and 
a chrome/alumel thermocouple was inserted through silicon 
rubber seals in the kiln tube wall. The measured temperature 
profile was found to vary only by 1°C between the maximum 
and minimum. However, this temperature difference was 
found to be of the same order of magnitude as the errors 
involved in the method. This would suggest that a more 
accurate temperature probe would be required. This was. 
however, ruled out due to the nature of the magnetite 
slurry.
5:1:3 Conductivity Method
Using a standard conductivity cell and a 
conductivity probe, experiments were conducted to 
ascertain the feasibility of making concentration 
measurements within the Jet system. The conductivity 
results did not show any consistant relationship between 
concentration and conductivity so the method was 
abandoned.
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A contributing factor to the rejection of both 
the hot jet and the conductivity methods was that of 
time. To describe the entire jet system satisfactorily 
would have required up to 20 radial profiles which 
would have taken a considerable length of time.
The limitations on the size of the equipment 
and the amount of magnetite available constrained the 
running time to a maximum of 6-7 minutes. Consequently, 
with up to 20 traverses required for each condition, 
several runs would have been required. The problem here 
was repeating very accurately the flow conditions, 
something which was found to be extremely difficult in 
practice.
5:1:4- Modified Photographic Method
The technique employed was to pulse the magnetite 
jet to the point where recirculation prevented the light 
penetrating the kiln tube.
The flow patterns set up by the initial entry of 
the jet (starting jet) would obviously be different from 
those set up with a continuing jet flow. The main effect 
of initial projection would be to create a large vortex 
infront of the jet so creating greater mixing. To overcome
this starting jet effect as much as possible a water jet 
was set flowing prior to the introduction of the 
magnetite jet.
A high speed cine camera was used to photograph 
the jet, before the tube was filled with recirculating 
jet fuild. These cine films could then be analysed with 
the aid of a motion analysis projector.
5:2 ILLUMINATION' AND PHOTOGRAPHY
Illumination of the model section for photography 
was from the back using two large floodlights each 
containing two 800 watt quartz-iodine lamps. These provided 
transmitted light of an intensity suitable for the camera 
used. To determine the optimum photographic conditions 
several high speed cine trails were carried out using 
different cameras. The camera eventually used was a
Hycam K20 S4E high speed camera, which is of the type using 
a rotating glass prism as a shuttering mechanism, an f1 .4 
lens was fitted. During the photographic trials an initial 
film speed of 500pps was used but after several runs it 
was found that excessive footage was being used and 
consequently the speed was reduced to 200 pps. without any 
appreciable loss of resolution. The film used was Ilford 
Mv type 794 16mm. cine rated at 400 ASA., which was loaded 
in 400 ft. reels.
y±
The film was developed and analysed in the 
negative by projecting the image onto a graduated screen
using a Speedo Mk 3 Motion Analysis Projector which could
be run at speeds of 2,^,8, and 16 pps. as well as in single
shot mode, all these speeds were available in both forward
and reverse directions.
5s-3 FLOW MEASUREMENT 
5*3:1 Secondary Flow
An ,Annubarl Flow Element was used in conduction 
with an ’Eagle Eye’ differential pressure flowmeter to 
measure the flowrate in the secondary flow system. The 
Annubar element, shown in Figs.(17 and 18) consists of 
two tubes, an impact type flow averaging tube, and a static 
tube. These two tubes were set into a short section of 
2 inch BSP stainless steel pipe which was threaded at both 
ends. The installation and design of the flow element is 
shown in Fig.(17).
The working principle of the Annubar is based on 
the classical Bernoulli theory expanded using Tchebychev 
calculus, for averaging of observations, (Annubar information 
/pamphlet, Section B E-100/3-7 - A.E.P. International Ltd.)*
The working principle is shown schematically in
Fig. (18),
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ANNUBAR ELEMENT SET IN TWO INCH S.S. PIPE
BLEED VALVESDRAIN'
HOSES
ELEMENT
VALVES
HIGH PRESSURE 
CONNECTION
ANNUBAR
ELEMENT
LOW PRESSURE 
CONNECTION
CONNECTING
LINES
INSTALLATION OF ANNUBAR ELEMENT 
AND EAGLE EYE METER
FIG.17 - ANNUBAR FLOW ELEMENT
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PRESSURE TUBE SUMS ALL FOUR SEGMENTS
STATIC TUBE
INTERPOLATING
TUBE
DIRECTION OF FLOW
FIG.18 - WORKING PRINCIPLE OF ANNUBAR FLOW ELEMENT
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Each Annular segment represents an area of 
equal cross-section. Accurate.detection of the flow 
within these segments is achieved by large precisely 
located sensing ports.
The sensing ports simultaneously detects the 
flow rates of their respective segments which are 
averaged in the equalising tube. The actual pressure 
measurement is taken by a centralised Interpolating 
Tube.
The downstream tube measures the static pressure 
in the flow linec
5:3i 2 Primary Flow
The measurement of slurry flows presents great 
difficulties, so the following technique was evolved to 
measure and check the primary flowrate.
i) A positioning device was fitted to the
Saunders valve in the primary linec This 
consisted of a sliding potentiometer powered 
by a 10 volt power supplyo The voltage across 
the pot could be measured using a voltmeter. 
The position of the zero was variable ( ten 
K pot) as was the range*
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By suitable calibration of the percentage 
flow through the valve and a knowledge of 
the maximum flow an accurate estimate could 
be made of the flow rate9 Fig, (21),
ii) Using a timer/counter fitted to the pulse 
valve Fig. (19 ) , the time of each pulse 
could be recorded3 Fig,(20).
(To obtain a flowrate measurement all that 
was required was to take the levels in the 
slurry tank before and after a run0
iii) The flowrate from the pulse valve recycle was 
measured using a graduated cylinder and stop 
watcho
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SECTION 6
EXPERIMENTAL INVESTIGATION AND RESULTS 
6:1 OPERATING CONDITIONS
Results were obtained using the measuring 
technique described in detail in Section
Prom the 16 mm cinefilm it was possible to 
determine the velocity along the axis of the Jet, the 
location of the visable Jet boundaries and the 
displacement of the Jet axis from the centre-line 
(axis) of the kiln0
As detailed in Appendix B the secondary velocity 
liras reduced from that of the prototype to a near-constant 
value of between 0*16 and 0.19 metres per second.
Using primary velocities of between 1 and 10 
metres per second it was thus possible to vary the ratio 
of primary to secondary velocity between 5 and 50.
Measurements were taken for five primary to 
secondary density ratios, these being: 1.0 , 1.3 * 1«8 ,
2.2 and 2.7®'
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To facilitate photography of the non-buoyant 
Jet, where the specific gravity is unity, nigrosine 
dye was used to render it visible.
6:2 EXPERIMENTAL PROCEIJlgE
The physical properties of magnetite are such 
that it was impossible to keep the slurry well mixed 
for long periods. Consequently fresh batches of slurry 
were mixed prior to each day's operation.
Once made up to the required specific gravity, 
tested using a measuring cylinder and scales, the 
slurry was agitated with the three stirrers and both 
recycle lines. Care was taken to ensure that both the 
recycle lines were full of slurry at the correct specific 
gravity.
6:2:1 Start-Up
The following procedure was used when commencing 
experimentation:-
i) The high speed camera (see section 5:2) 
was set up with a distance of seven feet 
between the camera lens and the centre 
of the model section.
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The focus ring was set at seven feet and 
the aperture was set at fll0
ii) The power to the timer/counter and valve 
positioning power pack was switched on,
iii) The primary flow was set, using the
positioning device on the Saunders Valve, 
so that the flow recycled through the 
Martonair pulse valve.
The flowrate was checked using a stopwatch 
and graduated cylinder, (see section 5 :3)*
At this stage the primary flowrate could he 
altered to the desired value.
iv) With the back-end valve open to drain,the
Worthington Simpson pump was started and the 
secondary flowrate set using the air-operated 
Saunders Valve and the Annubar Flow Element, 
(section 5 :3)*
v) The primary water jet was set flowing at the 
same flowrate as used in iii).
vi) The outlet from the model was directed to 
the filter tank and the magnetite jet was 
tested by operation of the pulse valve.
The jet was run long enough to remove all 
'dead1 fluid from the flow lines0
vii) The counter was reset, photographic
lighting switched on and the level in the 
slurry tank recorded.
viii) With the camera running, the magnetite
jet was pulsed until it filled the tube, at 
which time the camera was switched off and 
the magnetite jet directed to recycle by 
operation of the pulse valve.
ix) The reading on the counter and the level in 
the slurry tank were noted and the counter 
reset.
Steps iii) - ix) could be repeated as 
required.
6:2:2 Shut Down
i) When the model outlet flow was free of
magnetite it could he redirected from the 
filter tank to the drain.
ii) The secondary control valve was closed 
and the secondary pump switched off, 
along with the lights and primary water 
jet.
iii) When the slurry in the mixing tank was to 
be no longer used on the same day the mono 
pump and stirrers were shut down.
iv) The primary control valve was closed and 
the primary pipeline purged of all 
magnetite, using the water line provided.
6:3 TREATMENT OF RESULTS
6:3:1 Jet Deflection
This measurement was very simple to derive, 
involving the determination of the centre line of the 
jet in relation to the kiln axis.
104
With the photographic technique used it was 
possible to reproduce the image of the model onto 
graph paper giving a scale of one centimeter to one 
inch in relation to the actual model size. The 
measurements taken from the film are shorn as radial 
displacements in Table (3)o
These measurements, however, take no account 
of the cooler hood and uptake design which caused the 
secondary flow to enter the kiln with a downward 
deflection.
' This effect is demonstrated in the non-buoyant 
jet results which with a ‘straight* inlet would show 
only slight oscillations about the kiln axis.
To counteract this ‘Geometry effect1 and to 
straighten the secondary inlet, the original 
displacement measurements were adjusted so that the 
non-buoyant results provided a datum corresponding to 
the kiln axis.
The non-buoyant results were found to be 
correlated by three factors as shown in Figs. (22,23, 
and 24).
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These figures (2.2, 2 3 , and 24) were used to 
determine the corresponding position of the 
non-buoyant datum jet for each buoyant jet position 
and by subtracting the datum from the buoyant results 
a modified jet position was found as shown in Table (3)*
The modified jet results have been plotted against 
the value of deflection obtained from Equation (76) in 
Pig. (2-5) up to the point of maximum deflection given 
by 2.3/k . (see Pig. (23) ).
The maximum error exhibited by the points about 
the best straight line, as fitted by a Least Squares 
regression and shown by Equation (76) is + 18 percent.
The linear regression gave a value of the error 
for points inside the 95% confidence limits of nine 
percent.
The best straight line through the experimental 
points is such that:
f  \  
£ = 0.91
t  \
y
do
V. J exp. doVi /
C87)
Pigures (26 and 27) illustrate the distance at- which
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the two radial angles 5 and 10° impinge upon the mixing 
tube wall, at y/dQ = 5* for both the unmodified and 
modified deflection results.
Also plotted on Pig.(27) is the curve
. d0 K
which approximates the point at which the jet ceases to 
be deflected i.e. the value of y/dQ becomes constant, 
see Figs.(23 and 29).
The final jet-defl°ction values are plotted in 
Fig.(28) for both the unmodified and modified results 
as found in Table (3)* (see also Fig.(24)).
Fig.(29) is a plot of the point beyond which 
the jet is no longer deflected, also shown is the line 
2.3/k , (see also Fig.(23)).
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6:3:2 Axial Velocity Profiles
The axial velocity profiles were determined from 
the cine film by counting the number of frames used to 
travel a predetermined distance along the jet axis at 
the point:
s. =s. i + s ! - s! -i 
l l-l l i-l
Thus it was possible to calculate the velocity 
on the jet axis from the relationship:
u = f F . (s! - s ! )m s— v l i-l
n
where f • is the scale factor between the projected image s
and the model;
F is the speed of the film in frames/second (pps)
n is the number of frames to travel the distance
(s’. - s ’. ,), i.e. the distance between l i-l'*
successive measurements.
c
These velocities are recorded in Table (2).
(89)
(90)
A correlation between the excess axial velocity 
profile and the jet axial distance (measured from the 
end of the potential core region) was found using manual
116
techniques.
This correlation can be summarised as
u - u U
— ----a = s. = Exp{-Ks/d }
u - u UD 0o s °
Figs .-(30,31 *32*33 and 3*0 show the correlations 
for the five values of (p — p )/p viz.1 .0,0. 3*1•8 ,2 .2O S S
and 2.73 by plotting Um /UQ against Ks/dQ .
These results are tabulated in Table (2), (see 
Appendix D).
Using a least squares linear regression procedure 
the experimental results were found to lie within the 
error of +2 0 %, and within the 9 0 % confidence limits 
with an error of + 8 .5$.
The constant k in Equation £91) was found to 
be given by the relationship:
'f
U
 ^ «
K = 8.78 S + 0 .01
u - u
 ^ 0 S J 4
(91)
(.92)
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The distance, s, along the Jet axis is measured 
from the end of the potential core region0
The length of the potential core region, measured 
from the nozzle exit was taken as the distance over 
which the axial velocity was constant.
the distance so/do, as measured from the axial 
velocity profiles is shorn graphically in iig, (35).
The best straight line through these points as 
shown is given by.
s
—  e 3.6(1.5 - Ct)
do
S ;3s 5 Enclosed Jet Angles
This measurement was straightforward, involving 
the Judicial use of an Adjustable Square
The initial, potential core, region was found to be 
enclosed by a narrower angle than the latter part of the 
Jet, the section used to measure the Jet angle„ In fact 
the Jet boundaries were found to be slightly concave 
(from outside)o
(93)
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The enclosed jet-angle results are shown in Fig.
(36), and are tabulated in Appendix (D) (Table (2)).
6 :k ACCURACY OF EXPERIMENTAL RESULTS
Due to the properties of the Magnetite slurry 
used, and the consequent basic methods of flow measurement 
necessary to predict mass.flowrates, it was not found 
possible to select with any accuracy the primary 
flowrates. This is born out by the rather scattered 
nature of the primary velocities as shown in table (1) 
of Appendix (D).
/
When measuring the axial velocities it would 
be expected that the accuracy would decrease the 
closer one approached the nozzle. If one studies Figs. 
(31-3^) then this is seen clearly,the variation being 
as great as 20$ close to the nozzle. Again the accuracy 
is less at the higher velocity ratios.
These variations in the accuracy of the velocity 
results is due to reduction in the number of frames 
required to travel a predetermined distance and the 
accuracy with which the frames can be matched up.
The accuracy of the potential core measurements 
is thus the lowest that one may expect from the velocity 
profiles,i.e . around 10-20$.
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FIG,36 - EXPERIMENTAL VALUES FOR ENCLOSED JET.
HALF ANGLES.
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With reference to Fig.(35) it will be seen that 
the expression (Equation (93)) describing the best 
straight line through the experimental values of 
potential core lengths fits the points with an approximate 
error of +20$.
Although the jet path measurements were made 
before the axial velocities, thus enabling an accurate 
calculation of path length to be made, it was noted 
that an error of only 11$ would'be introduced if the 
values of x were used in place of values of s .
Due to the nature of the•photographic image it 
was necessary to repeat the measurements a number of 
times to ensure an accurate and consistant measurement. 
This procedure was made very much faster and simpler 
due to the availability of a motion analysis projector 
with the facility for instant reverse,(see Section(5:2)).
The method used to measure the primary flowrate 
(Section (5:3)) was found to give repeatable results 
well within acceptable experimental limits. However, 
as mentioned above the use of the valve positioning 
device was found to give large errors, up to 40$, 
but as this device was used only as a flow selector, 
the errors did not appear in the results as any more 
than a randomising of the velocity ratios.
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The Annubar Flow Element was tested and found 
to be within the two per cent guaranteed by the 
manufacturers.
The accuracy of the high speed camera was easily 
determined with the use of a fast sweep darkroom clock 
-which was photographed at various speeds and found to 
be accurate to within two. frames in five hundred-.
SECTION 7
DISCUSSION 
7:1 ENCLOSED JET ANGLES 
7:1:1 General Observations
The measurements of enclosed jet half angle are
shown graphically in Pig.(36) as a. function of excess
velocity ratio, and tabulated in Appendix (D), for the five
values of (p -p )/p used in the exoeriments, as described 
*0 *s Ks ; 5
in Section (6).
The experimental results are significantly higher 
than the values for concentration half-angle, to which 
they relate, as found in the literature and as discussed 
in Section (2). One point that is immediately raised is 
that of definition.
The more generally accepted definition, originally 
due to Corrsin (13)> is of the HALF-JET ANGLE3 that is half 
the angle, subtended by points at which the velocity or 
concentration is half the maximum on the axis of the jet.
A less common definition and one more often used 
by the Engineer designing combustion systems is of the 
ENCLOSED JET HALF ANGLE that is half the angle which totally 
encloses the jet fluid.
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Thus the measurements of jet angle correspond to 
the latter of the two.
In the former the boundaries of the jet are precisely 
located whereas in the latter case difficulty is experienced 
in accurately determining the boundaries due to the haziness 
of the visible limits of the jet.
Sunavala^Hulse and Thring (52), when considering 
the spreading jet and half angles, assumed that those 
angles reported by Horn and Thring (3*0, in a study similar 
to the present case, to be enclosed half angles. The 
assumption was also made that this enclosed angle was 
tw'h.e the half-jet angle for which they gave the value 
of 4.25°.
Table (1) shows that an angle of 10° is a 
representative value for the jet half angle giving a value 
of 5° for the half-jet angle. This applies to all the non- 
buoyant data but in general does not apply to buoyant 
jets where the excess velocity ratio is less than 17~l8.
The value of 5° is approximately 10-20$ lower 
than the normally accepted values, as discussed in Section 
( 2 ) .
A point thus raised is to the validity of using 
5° as the experimental average such that b/R = 0.5 as 
proposed by Sunavala et. al.
a 130
This can be examined by inspection of the error 
type distribution function as used in the analysis in 
Section (3) *’
U
U
exp{-(r/b) }
m
for the edge of the jet r=R, and substituting the value 
of 2 for R/b gives
m
= exp(-4) = 0.018.
R
and for concentration
(22)
(94)
m
= exp(-2.97) = 0.051
R
(95)
This means that for R/b to have a value of 2 then 
the boundary value of the excess concentration profile 
would be 5$ of that on the axis.
A more realistic boundary value for concentration 
would be 1$, which would give a value of 4.1° for the 
concentration half jet angle, a value which approximates 
to that found by Horn and Thring (34).
However, the confined, jet literature (.7*30 3- shows 
that a value of 5*5 to 7-5 is more appropriate
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for the confined half-jet angle, and with other reports 
(47) show that the angle increases with increasing jet 
excess momentum, although only for non-buoyant jets.
Reference to Fig. (36) shows that the constant 
part of the curves increases with increasing initial 
density ratio (9° - 12°) and not with increasing velocity 
ratio.
7:1:2 The Constant Entrainment Assumption
is constant. This assumption can be seen to break down 
under conditions of low jet velocity and high initial 
jet density ratio. This point is well illustrated by Fig.
(37) which shows all the half angle data. Also plotted 
in Fig. (37) is the data of Ricou and Spalding (48).
For the incompressible, constant density system 
of Ricou and Spalding we can say that the half angle 
is a function of the entrainment. It can easily be shown 
that:
It has been assumed in this work that entrainment
by the jet up to the point at which it strikes the wall
3 (96)
m xo
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Thus the function m d was used to plot the datar o ■ “““ « *“*■
in  x  o
of Ricou and Spalding assuming a secondary flow of initial 
velocity 0.18 m/s. for comparison purposes.
Pig. (36) shows that for low buoyancy (p -p )/o.,o s  s
ratios (1,1.3) the constant entrainment assumption held, 
although the data for the ratio 1.3 is scarce above a Curtet 
Number of 3«5« For' the higher buoyancy ratios (1.8, 2.2 
and 2 .7)3 Figs. (36 and 37) show that entrainment is 
constant only for values of the Curtet Number < 0.35-
There are two possibilities for this variation 
in the rate of entrainment. First that the experiments 
were carried out at Reynolds numbers lower than that ' 
required to ensure constant (or near constant) entrainment 
rates. Figs. (36 and 37) suggest that this is less likely 
unless the viscosity of Magnetite rapidly increases between 
s.g.’s of say 1.4 and 1.7 then remaining relatively 
constant. Concentrated slurries normally shear in such a 
wray that their shear stress-shear rate relationship shows 
a change'from the pseudoplasticity of the dilute slurry 
to dilatantcy as the shear stress increases.
Dilatantcy is characterised by an increase in 
viscosity with increasing shear stress in some sort o.f 
power law where the power factor is greater than unity.
To. produce the effect illustrated in Pigs. (36 and 
37) the shear stress-shear rate relationship would have 
to be one of initial dilatantcy changing to one of 
pseudoplasticity.
The final fact which helps to disprove this first 
hypothesis is given by Eveson (21) who shows that the • 
viscosity does not rise sharply until the Magnetite 
slurry reaches very high solids concentrations.
The second and more likely hypothesis, is that 
in the buoyant jet, at sufficiently high Reynolds numbers, 
the entrainment rate is not a universally constant parameter 
but rather that it should v. ry as the relative buoyancy 
or Froude Number changes.
7:2' AXIAL VELOCITY PROFILES
The axial velocities have been correlated by 
Equations (91 and 92), the results shown in Figs. (30-3*0 
agreeing well with the correlation.
(91)
(92)
u
— m  = e x p { - K s / d Q }
where
K = 8.78
*f \
us + 0.01
u - u0 sV J 4
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Unlike the normal free jet type expression this
correlation takes into account the length of the potential 
core region. This is advantageous where the results are 
to be applied to systems in which the jet inlet 
configuration differs from the straight-pipe conditions 
used in these experiments.
The present expression( Equation (91))3 differs 
from the free jet profile mainly in the rate of decay.
The use of the free jet type formula (see Section(2)), 
is only valid at higher velocity ratios, above 20, but 
even then the prediction does not hold at distances 
> 25 nozzle diameters.
predicts axial velocities which are far greater than those 
found by experiment and those predicted by Equation (91) 
for anything other than a non-buoyant jet.
The free jet type velocity profile, given by:
u
um
o
(19)
Although Equation (91) predicts well those velocity 
results below initial excess velocity ratios of 10, the 
calculated values are very low compared to those for
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velocity ratios greater than 10. The explanation of this 
very rapid decay at low excess velocities is not clear., 
certainly other authors (24,25,35,39 and 47) have not 
reported the effect.
In enclosed turbulent diffusion flames the excess 
air is carried in the coflowing secondary stream, thus 
any increase in the excess air rate results in a decrease 
in the excess velocity ratio, and vice-versa.
As already discussed the results show a much 
more significant variation in the axial velocity profile 
with changing velocity ratio, a fact which is supported 
by the known combustion phenomenon of a similar variation 
in flame length with changing excess air rate.
The effect of altering the initial density ratio 
has been shown to be much less in the experimental results 
than predicted by free jet theory. The free jet theory
predicts a decrease in velocity ! ratio in combustion 
systems.due to PQ<Ps s and this theory then tends to 
approach-values of velocity profile found in this study.
7:3 POTENTIAL CORE REGION
The length of the potential core region shown 
in fig. (35) as a function of the Curtet number
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does not agree with the published data as discussed in 
Section (2) and shown graphically in Pig.(2)3 with the 
exception of the results of Pratt and Baines (46) for 
a jet in a cross flow.
The turbulent jet in a cross flow tends to produce 
similar entrainment patterns to those found experimentally 
for the higher buoyancy ratios as discussed in a previous 
section. This might be explained' by the greater mixing 
levels found in both in the confined dense jet and the 
jet in across flow5 resulting in much shorter potential 
core regions than those found in free jets. This would 
account for the negative slope of-Fig.(35) as opposed 
to the positive slope suggested by the data in Fig. (2) 
and also that the difference between the two figures 
is less at higher velocity ratios due to the greater 
momentum of the jet.
7:4 JET DEFLECTION
The experimental results as shown in the comparison 
with the calculated values as given by Equation (81) of 
Fig. (25) are some 10% lower than the theoretical 
deflections. There may be several explanations of this 
discrepency.
The first and most obvious is that the assumptions 
made in the derivation of Equation (81) are only approximate
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in their application to the enclosed buoyant jet. and as 
such the results would not be expected to be too accurate. 
Here we may say.that because the results correlate well 
there is very likely a more lucid explanation.
A second explanation may be that of poorly chosen
constants. The only parameter fitting this possibility
2
in Equation contains 1, in the form (1 + A ). To make 
the theoretical expression fit the experimental results 
would require X to take a value of 1.054 compared with 
the well established value of 1.16 for turbulent jets.
A value of 1.054 would bring the jet much closer 
to the ideal value of 1, a fact not consistant with the 
increased complexity and non-ideality of confined turbulent 
jet flows.
A third, and probably the most probable explanation, 
may be found in the determination of the jet axis. This 
was a purely geometric dissection of two boundaries 
and it has been shown in a previous study (38) that 
the velocity profiles in the experimental configuration 
used are asymmetrical such that the deflection would 
be greater in the positive Y-direction if the jet axis / 
was' determined by velocty, or concentration, profiles^^
Equation (8l) could be used to predict the path
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of a free buoyant jet or plume projected horizontally, 
and the results as shown in Fig, (10) for deflections 
up to y/dQ=10 and for various values of the densimetric 
Froude Number compare well with published results on 
plumes (1,4, & 5)*
* 7 ;5 RELATIONSHIP BETWEEN JET PATH AND
MIXING TUBE WALL
One of the problems encountered in the operation 
of cement kilns is that of the flame striking the 
refractory lining, this can cause excessive brick wear 
and hot spots as well as an increase in the ash content 
ol the product.
Figs. (26 and 27) show the point of impingement
predicted from the experimental results for the two jet
0 oangles, 5 and 10 .
Drawn in Fig. (27) is the line 2.3/k the point 
which represents the end of the deflecting jet axis.
Fig. (27) shows us that in all cases the 10° contours 
strike the mixing tube wall whereas above velocity ratios 
of approximately 25 the 5° contour never strikes the wall 
and that below 25 the point of contact is very close to 
the end-of the deflecting jet.
14 5
These two angles, 5° and 10°, represent the half­
jet and the enclosed jet respectively for velocity ratios 
greater than 17*5 in jets of initial density difference 
greater than 1.3'.
Only when the point of contact is much less than 
the length of the jet will the effect of the hot jet 
striking the wall be serious. This can be said to be •
the case provided the jet half angle is no greater than 
5°, however jet half angles approaching 10° are encountered 
at the higher density ratios as the initial excess velocity 
ratio drops below 10.
Thus it is unwise to operate at excess velocity 
ratios as low as 10 if the wall jet is to be avoided.
A further point here is that at Curtet Numbers less than 
0.83 there exists a recirculation zone which would tend 
to buffer the wall from the effects of the jet.
One further point is the validity of the point 
given by the results as the end of the deflecting jet* 
what is the velocity profile and concentration profile 
at this point?
If the value of £ = 2_^ 3 is substituted into Equation
d k o
(91)5 the expression correlating the experimental velocity
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profile results, then
U
-m = 0.1 (95)
v
so that the velocity at the point of non deflection is 
1 0 % of the initial nozzle value.
In a free jet it is found that
U C
-m = l.26'-m (96)
U C„o o
Thus on combining Equations (95) and (96)
C
-151 = 0.079 (97)
Co
Which is reasonable considering that the jet is 
almost certainly likely to stop deflecting before the 
end of the jet concentration profile.
SECTION 8
CONCLUSIONS ‘
The conclusions may be listed as:-
The use of Magnetite slurry is a useful method
of modelling inverted buoyant, confined-jet systems
and whilst the method is somewhat difficult from
a materials handling point of view, the results
obtained are well within experimental limits.
The technique used was found to be practical as 
a semi-continuous process, the magnetite being 
filtered out from the effluent and reused.'
It was found that the slurry could be mixed bo 
give specific gravities of up to 2.7*
The trajectory of the turbulent jet with a. range 
of initial density differences has been determined 
photographically along with axial velocity profiles 
and jet angles.
The confined jet under buoyant conditions has 
been shown to decay significantly faster than 
the free jet, the axial velocity profiles being 
given by:
The path of a jet projected horizontally with 
an initial density difference has been shown to 
be given by the expression:
y = (l_+_xl)(gKS _ Kg _ x)
do K2Frmod
where A,=(0.9(1 + A2) - 1)"* = 1.045
The jet angles as measured from the cine film 
show the deviation of the experiments below Ct=0.35 
(s.g.>1.3) from the constant entrainment assumption, 
suggesting that the coefficient of entrainment 
is in fact not the constant it is normally assumed 
to be.
The results for those conditions which satisfied 
the constant entrainment hypothes is gave a value 
of approximately 10° for the enclosed jet angle, 
and a value of 5° for the half-jet angle.
The length of the potential core as measured from the 
velocity profiles was found to differ from those 
reported in the literature except at velocity 
ratios greater than 20. The results were found to 
resemble those found in turbulent jets in cross 
flow probably due to the increased mixing levels.
The end of the deflecting jet has been found to be 
given by
s _
d_ k o
It has been shown that for velocity ratios less than 
10 there is a very high chance of the flame j et 
in an. enclosed turbulent diffusionflame striking 
the mixing tube wall, and that the probability 
increases as the specific gravity approaches 2.0.
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APPENDIX A 
A:1 A CONFINED JET MODEL
A model for the confined Jet can easily he 
modified from that of the free Jet: We thus have
three regions -
i) This is characterised 'by a primary
potential stream separated from the lower 
velocity, potential secondary stream by 
the same thin zone of high, shear described 
in Section (2.4). A further high shear 
zone develops at the mixing tube wall.
As the flow develops the shear layers 
grow.
ii) At the begining of the second region the
Jet shear layer has consumed the potential 
corec
The Jet shear zone and the wall boundary 
layer continue growing until they either 
merge or until all the secondary flow is 
consumed and fluid from down stream returns 
to satisfy the entrainment needs of the Jet.
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The recirculation or flow separation 
effectively reduces the mixing tube 
diameter.
iii) The third region is the fully developed 
flow region.
Razinsky and Brighton (47) suggest a further 
region between II and III being one which is 
characterised by a continually changing velocity 
profile and hence difficult to analyse.
A: 2 THE MODIFIED TURING-NEWBY THEORY
Thring and Newby (54) originally proposed a 
theoretical treatment for free jets based on the 
empirical entrainment laws.
The entrainment rates used in this original 
study were those given by Hinze and van der Hegge 
Zijnen (31).
However, we now have available the empirical 
entrainment laws of Ricou and Spalding (48) (see 
Section (2:6) ). Using the concept of equivalent 
nozzle diameter the entrainment can be given as
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m =
0 . 3 2 .
211o
fp 1 Hs X
d (A.1)
The mass flow across any cross section is made up 
of original jet fluid and entrained fluid.
mx = in + hi o r (A .  2 )
Thus we may write
m
in
0.32 x
d.
- 1 (A.3)
using the value of velocity half angle given hy Field 
at al (23) the point of impingement is given hy
Xp = 2.925D (A.4)
From Equation (A.l) the point of zero entrainment is 
found hy equating mx and mQ thus
0/32
The basic assumption of the Thring-Newby theory was 
that the jet entrains as a free jet up to a point mid^way 
between the theoretical impingement point and the point 
of minimum entrainment.
(A. 5)
0,1 160
Then
x r d? fo* i2
n = 0.5 2.925 + o . po (A.6)
a. 32 ps
V /
The Thring-Newby parameter is now given as
(A.7)
D ps.
' T h u s  from (A.3), (A.6) and (A.7 ) --------
^  = M I  - 0.5
mo 0
The theory is now extended to the case of a compound jet 
where the secondary stream has a negligible momentum and 
is wholly entrained by the primary stream, prior to any 
recirculation of downstream gases.
Equation (A.8) is now modified such that 0 ’ is
given by
( A . 9)
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and the left hand side now becomes m / (m + m )r' v o s'
From Equation (A*3) at xn we have
m + m
 o _ 0>32
m
n
(A.10)
substituting into Equation (A„9) and rearranging gives
xn = 3.125D0' (A.11)
APPENDIX B
b ;i s i m i l a r i t y  i n m o e e l w o r k
The principle of similarity is concerned with the 
relationsiiips between physical systems of different • 
sizes and it is thus fundamental to the scaling up or 
down of the process involved.
Geometric similarity is the simplest of the model 
laws both to apply and to understand, however, when 
modelling the compressible fluid dynamics of non- 
isothermal systems this is not a sufficient modelling 
criterion
Here we are required t o .achieve dynamic similarity 
so that the force ratios causing acceleration of masses 
are maintained constant.
In the case of non-isothermal systems a further 
criterion needs to be considered, that of thermal 
similarity. This involves maintaining constant 
temperature ratios between any two corresponding 
pointso
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B:2 DYNAMIC SIMILARITY
i
The Reynolds number is the similarity 
parameter used to obtain dynamic similarity.
The Reynolds number is given by,
R = L_U (B.l)
v
where U is velocity .
L is a characteristic dimension 
v the kinematic viscosity.
In jet and pipe flov/>L is the diameter of. that 
jet or pipe so for dynamic similarity 
v U d
(b. 2)
v U dm m m
where p refers to the prototype and m to its model.
In this present work a 1/24-th scale model has 
been used. ' - .
The kinematic viscosity of hot furnace gases 
is approximately 130 times that of cold water.
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so U
_£ e 5.1)
um
(B.3)
B:3 THERMAL SIMILARITY
Again we have a well known similarity parameter: 
for non-isothermal systems:- the Froude Number where
Fr T _ u g
p - ps
.L
In this work a ’Densimetric1 Froude Number will be 
used and this is a parameter which describes the inlet 
momentum/density properties of the -jet.
Fr U po “ ps g.— ---- -*d/
'-i
so for thermal similarity, keeping the function
( P - Prx) constant in model and prototype we have s o
Uom/Uop om/dopj
(B.4)
(B.5)
(B.6)
and. for a 1/24-th. scale model.
Uop/U = 5om
From Equations (B.3 and B.7) it is seen that to 
obtain both dynamic and thermal similarity we are 
inquired to reduce the velocities five fold®
(B.7)
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B:4 CONFINED JET SIMILARITY
Here we will look at the Curtet Number as 
introduced by Becker (8 ) for uniform streams
U
Ct =
m
m
\ i
2
u - uo s
This can be written in slightly modified form as
Ct =
and is the form used for the Curtet number used 
throughout this work*
(B.8)
us I'd 2 - d 210
12 V
1
u - uo s VV. ,p°. (B. 9)
Thus from Equation (B.9)it will be seen that 
to maintain similar Curtet numbers the three groups,
U
U - U o s
D 2 - d 2
5 O
have to be similar, independently of one another, in 
the model and prototype furnace.
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APPENDIX C
C MAGNETITE
, Magnetite is the black oxide of iron and in its 
natural state is usually fairly pure*
The magnetite used in these experiments was 
rained in Sweden and used by the N.C.B. for coal 
cleaning purposes.
The specific gravity of the material used was
4.8*
SIZE ANALYSIS
N .C.B. ANALYSIS 'ORIGINAL ANALYSIS
Particle Size % Finer Particle Size % Finer
(Microns) (Microns)
45
90
106
156
10
22.5
14
28
46
75
85
95
76
104
156
211
251
15.8
77.7
95.6
98.6 
99.4
a 167
With this original sample it was found that 
sedimentation occured much too easily. By trial 
and error it was decided to grind . the larger 
(>100 y ) material so that it all passed through a 
100 micron sieve.
FINAL' SIZE ANALYSIS
Particle Size % Finer
(microns)
100 100 
76 99c4'
45 96.2
35 86.7
27.5 7Sol
17.5 41.9
12o5 28.6
7.5 8.25
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100
90-
ORIGINAL SAMPLE
BALL MILL GROUND SAMPLE
N.C.B. SPECIFICATION
20-
0 100 150 200
PARTICLE SIZE-MICRONS
250
FIG.38 ~ PARTICLE SIZE ANALYSIS OF MAGNETITE
APPENDIX D 
RESULTS
D:1 TABLE 1 —  Master Conditions
D:2 TABLE 2 - Velocity Results
D:3 TABLE 3 - Deflection Results
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Appendix D:.l
- Master conditions
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